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Papillomaviruses are attractive models for studying the molecular evolution of DNA viruses because of the
large number of isolates that exhibit genomic diversity and host species and tissue specificity. To examine their
relationship, we selected two amino acid sequences, one of 52 residues within the early gene E1 and the other of
44 residues within the late gene L1, which allowed insertion- and deletion-free alignment of all accessible
papillomavirus sequences. We constructed phylogenetic trees from the amino acid and corresponding nucleotide
sequences from 28 published and 20 newly determined animal and human papillomavirus (HPV) genomic
sequences by using distance matrix, maximum-likelihood, and parsimony methods. The trees agreed in all
important topological aspects. One major branch with two clearly separated clusters contained 11 HPV types
associated with epidermodysplasia verruciformis. A second major branch had all the papillomaviruses involved
in genital neoplasia and, in distant relationship, the cutaneous papillomaviruses HPV type 2a (HPV-2a), HPV-3,
and HPV-10 as well as the ““butcher’s”’ papillomavirus HPV-7 and two simian papillomaviruses. Four artiodactyl
(even-toed hoofed mammal) papillomaviruses, the cottontail rabbit papillomavirus, and avian (chaffinch)
papillomavirus type 1 formed a third major branch. Last, four papillomaviruses exhibited little affinity to any of
these three branches; these were the cutaneous types HPV-la, HPV-4, and HPV-41 and B-group bovine
papillomavirus type 4. The phylogeny suggests that some branches of papillomavirus evolution are restricted to
particular target tissues and that a general process of long-term papillomavirus-host coevolution has occurred.
This latter hypothesis is still conjectural because of bias in the current data base for human types and the paucity
of animal papillomavirus sequences. The comparison of evolutionary distances for the most closely related types
with those of 28 subtypes and variants of HPV-2, HPV-5, HPV-6, HPV-16, and HPV-18 supports the type as a
natural taxonomic unit, with subtypes and variants being expressions of minor intratype genomic diversity
similar to that found in the natural populations of all biological species. An exception to this seems to be HPV-2c,
which has an evolutionary distance from HPV-2a of the intertype magnitude and may eventually have to be
regarded as a distinct type. We describe an experimental approach that estimates the taxonomic and phylogenetic
positions of newly identified papillomaviruses without viral isolation and complete genomic sequencing. Finally,
the paper also explores concepts for a natural, i.e., phylogenetically based, papillomavirus taxonomy;
demonstrates the rooting of an HPV variant cluster against its closest type relative; and presents a hypothetical

combined phylogeny of the papillomaviruses with other DNA tumor viruses.

Phylogenetic studies of viruses became increasingly feasi-
ble over the last decade with the availability of large amounts
of molecular sequence information, powerful computer
hardware, and sophisticated algorithms to analyze this infor-
mation on the basis of specific assumptions about the pro-
cess of molecular evolution (17, 19, 45, 65). The result was
significant progress toward understanding the phylogeny of
RNA viruses (5, 14, 15, 24, 36, 40, 58, 73) and hepadnavi-
ruses (47). In contrast, the study of DNA virus phylogenies
is still hampered by the lack of extensive DNA sequence
data and the absence of a common conserved viral molecule
such as the RNA-dependent RNA polymerase or the reverse
transcriptase. Despite this, early attempts were made to
understand relationships within the Adenoviridae; these
attempts were based mostly on restriction enzyme cleavage
patterns (55, 70). Now, for one group of DNA viruses, the
papillomaviruses, the situation has perceptibly improved.
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Ever since the involvement of papillomaviruses in animal
and human cancers became known (59, 65, 74), much
attention has been focussed on the group. The papillomavi-
rus sequence data base has been steadily growing subse-
quent to the first presentation of a phylogenetic tree based on
the conserved E1 domains of nine papillomaviruses in 1986
(23). This large amount of data has made it increasingly clear
that the papillomaviruses strike a nice balance between
genomic conservativeness and variety. This makes phyloge-
netic analysis possible and the results of this analysis inter-
esting.

By genomic conservativeness we mean that all papilloma-
viruses have similar genome sizes, organization, open read-
ing frames (ORFs), and protein functions. This is of impor-
tance, as we must compare only orthologous and not
paralogous or analogous sequences, because only then may
we justifiably deduce the species phylogeny from what is
essentially a gene phylogeny (45). It would be even better to
compare several independent gene phylogenies, as we have
attempted. The genomic conservativeness of papillomavi-
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ruses is also the strongest evidence for their monophyletic
origin. Of all the ORFs, El and L1 seem to be the most
highly conserved of the early- and late-region genes (4, 22).

Regarding genomic variety, many (and probably most)
mammal and bird species are infected by papillomaviruses
(65), and most viral isolates suggest strict specificity for the
host species (49). If newly discovered papillomavirus types
continue to be host specific and if each host species is
infected by multiple papillomavirus types (just like humans
and bovines), the total number of papillomavirus types may
well exceed the number of warm-blooded vertebrate species
by 1 or 2 orders of magnitude, i.e., may reach 10° different
types. Given the relative ease of identifying and sampling
papillomavirus lesions and sequencing the genomes, the
information reservoir for phylogenetic and taxonomic stud-
ies could be enormous.

In addition to the heterogeneity due to host species
specificity, heterogeneity, i.e., papillomaviruses with signif-
icant biological differences, has been found within individual
host species. For example, bovine papillomaviruses have
been divided into A and B groups, the former being able to
infect epithelial cells and fibroblasts and the latter restricted
to epithelial cells (33, 61). Human papillomaviruses (HPVs)
can be subdivided according to a tendency to infect either
mucosal or cutaneous epithelia. These can be further char-
acterized by pathologic criteria that describe the resulting
neoplasia or by the differing propensities of the benign
lesions to progress to malignancy (13, 50).

The plethora of papillomavirus types (in excess of 60
human types alone) demands some systematic analysis and
organization (13). High on the list of aims of modern taxo-
nomic schools is to classify “‘naturally’’ (9, 57, 62). Two of
these schools, cladistics and evolutionary systematics, em-
phasize inherited similarities, as this is what ‘“natural”
means to them. A prerequisite for establishing a taxonomy
along this line is an accurate knowledge of the organism’s
phylogeny. Before the advent of molecular data and meth-
ods, viral phylogenetics was impractical because viral struc-
tural details were not easily documented or interpretable in
terms of identity by descent and because viruses do not
leave a paleontological record. Therefore, viral taxonomy
has been largely a phenetic classification based on diverse
features such as morphology, host range, pathology, tissue
tropism, immunological cross-reactions, etc. (44).

With the coming of age of molecular phylogenetics, the
construction of a phylogenetically based viral taxonomy
could begin. Analysis of the RNA viruses (5, 36, 40, 58) and
the hepadnaviruses (47) brought the gratifying result that
most taxonomic families of viruses, and even surmised
affinities between these families, are phylogenetic relation-
ships, in spite of the limited information that had formed the
foundations of classical viral taxonomy.

Unlike most viruses, papillomaviruses have been typed on
the basis of DNA hybridization (13). The criterion for a new
type designation is maximally 50% homology to any of the
previously known papillomavirus types in liquid hybridiza-
tion experiments under stringent conditions (8). This crite-
rion is essentially an operational one because of the lack of
any controls of known sequence divergence. Lest one won-
der, this is actually a very strict criterion. If the same were
applied to the human adenoviruses, serotypes 1 through 31
would be amalgamated into only five types (25). It should be
stressed that homology values obtained by this method are
not directly comparable to similarity at the nucleotide se-
quence level. Subsequent sequencing has shown that papil-
lomaviruses are highly conserved in many genomic segments
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(much more than what the cross-hybridization percentage
might imply) but that these regions are scattered across the
entire genome. Nevertheless, homology as determined by
hybridization experiments has permitted assignment of each
HPV type to 1 of 20 groups. Interestingly, many of these
groupings show a correlation with respect to the diseases
brought about by their respective members (50).

Our work sought to address several aspects of papilloma-
virus phylogeny. First, we asked whether alignments of
different and functionally independent segments of papillo-
maviruses would lead to similar phylogenies. Second, we
hoped that the relative positions of the papillomavirus types
would generate hypotheses and suggest likely paths of
papillomavirus evolution, e.g., in relationship to host speci-
ation, tissue specificity, and pathology. Third, we hoped to
investigate the type concept in the context of papillomavi-
ruses in particular and DNA viruses in general. In this
regard, it seemed desirable to compare the molecular differ-
ences among types, subtypes, and the large number of
recently observed sequence variants of HPV type 16 (HPV-
16) and HPV-18 (7, 10, 31, 32). Finally, a practical means of
incorporating novel unsequenced papillomavirus types into
the existing phylogeny was sought.

MATERIALS AND METHODS

Sequences. Table 1 groups the papillomavirus types, sub-
types, and variants analyzed on the basis of some of their
biomedical characteristics and independent of their genetic
relatedness. Sequences for HPV-5b (72), HPV-35 (42),
HPV-42 (52), and colobus monkey papillomavirus type 1
(CgPV-1) (53) were obtained from publications. The se-
quences for HPV-3, HPV-4, HPV-7, HPV-9, HPV-10, HPV-
12, HPV-14, HPV-15, HPV-17, HPV-19, HPV-25, HPV-30,
HPV-32, HPV-34, HPV-40, HPV-45, HPV-49, HPV-52,
HPV-53, and HPV-56 were products of a continuing, sys-
tematic sequencing project by two of us (B.H. and H.D.).
Sequences of HPV-2c (21), HPV-6a (3), HPV-6ma (37),
HPV-16 variants (Sb-11, Sb-15, Bb-7, Bb-9, Tb-2, Tb-5,
Gb-10, and Gb-12) (7, 31), HPV-18 variants (S18-2 and
T18-15), and HPV-18 containing cervical carcinoma cell
lines (HeLa and C4-1) (46) were obtained by polymerase
chain reaction (PCR) amplification and sequencing using the
following primer pairs: HPV-2, 5'-CCTAGTGGCTCTATG
GTGTCC-3' and 5'-ATCATATTCCTCCATATGCCT-3';
HPV-6, 5'-CCGAGCGGCTCTTTGGTGTCC-3' and 5'-AT
CATACTCTTCCACATGACG-3'; HPV-16, 5'-CCTAGTG
GTTCTATGGTTACC-3' and 5'-ATCATATTCCTCCCCAT
GTCG-3’; and HPV-18, 5'-CCAAGTGGCTCTATTGTTA
CC-3' and 5'-ATCATATTCCTCAACATGTCT-3'. All other
papillomavirus sequences were extracted from the GenBank
data base (release 69).

Amino acid sequences with homology to the retinoblas-
toma protein (pRb)-binding and casein kinase II motifs of
adenovirus 5 E1A and simian virus 40 large T antigen (1, 51)
were extracted from the National Biomedical Research
Foundation-Protein Identification Resource virus sub-data
base (release 30). The sequences used for the homology
search were DLTCHEAGFPPSDDEDE and NLFCSEE
MPSSDDEAT from adenovirus type S and simian virus 40,
respectively.

Phylogeny construction and evaluation. Two genomic seg-
ments, one representing part of an early and the other part of
a late gene, were compared. These gene products function at
different times during the viral life cycle and should have
evolved by independent mechanisms. The alignment was
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TABLE 1. List of 48 papillomavirus types and 28 subtypes and variants grouped by host species, site of infection, and type of lesion”

Host species, site of infection,

and type of lesions Papillomavirus type Reference
Human

Skin, EV HPV-5, -8, -9, -12, -14, -15, -17, -19, -25, -47, -49 12, 13, 50
Skin, wart HPV-1a, -3, -4, -10, -41 12, 13, 50
Skin and genital mucosa, wart HPV-2 12, 13, 50

HPV-7 (butcher’s wart) 13, 13, 50
Oral mucosa, FEH HPV-32 12, 13, 50
Nasal mucosa, inverted papilloma HPV-57 12, 13, 50
Laryngeal or genital mucosa, papilloma HPV-6, -11, -34, -40, -42, -53, -58 12, 13, 50
Laryngeal, carcinoma HPV-30 12, 13, 50

Genital mucosa, preneoplasia and carcinoma

HPV-16, -18, -31, -33, -35, -39, -45, -51, -52, -56
MEI180 (cell line)

12, 13, 42, 50

Primate: genital mucosa, papilloma CgPV, RPV 53, 65
Artiodactyl: skin, fibropapilloma BPV-1, BPV-2, DPV, EPV 33, 61, 65
Bovine: alimentary mucosa, papilloma BPV-4 33, 61, 65
Other: skin, papilloma CRPV, FPV 65
HPV-16
Geographic variants
Singapore Sb-2, -5, -7, -10, -11, -13, -15, -17 7
Brazil Bb-2, -7, -9 7
Tanzania Tb-1, -2, -4, -5, -13, -16 7
Germany Prototype, Gb-10 and -12 7
Cervical carcinoma cell line CaSki 7
HPV-18
Geographic variants
Singapore S18-2 46
Brazil Prototype 46
Tanzania T18-15 46
Cervical carcinoma cell lines C4-1, HeLa 46
HPV subtypes HPV-2a®, -c 13, 21; this
paper
HPV-5a%, -b 13, 72
HPV-6a,-b?, ma 13, 37

2 Groupings are to be compared with the phylogenetic groupings of Fig. 3, 4, and 5. Because of the exigencies of space, not all primary references are given;
these may be obtained by consulting reviews (13, 65) and the GenBank data base. Cell lines C4-1 and HeLa contain 1 and ~10,000 copies, respectively, of the
HPV-18 genome. Abbreviations: FEH, focal epithelial hyperplasia; RPV, rhesus monkey papillomavirus.

done at the amino acid level, and the segments should not
have required deletions or insertions, since such changes
would add an element of ambiguity. We also favored certain
highly conserved genomic regions that would permit future
expansion of the analysis through partial sequences of unse-
quenced papillomavirus types obtained either by consensus
or heterologous priming and PCR amplification (41, 56).
Finally, a wide spectrum of phylogenetic methods was
applied in order to avoid biasing our conclusions with
respect to any given model. Extensive reviews on the
methods and their relative merits are to be found in refer-
ences 16, 18, 39, 45, and 66.

The ORFs examined were E7 (an oncogene) and several
segments within E1 (encoding a replication protein) and L1
(encoding the major capsid protein). The detailed analysis
was performed on a selected E1 and L1 segment. For a
particular ORF, multiple sequence alignments were done by
using the CLUSTAL V package (29), which ran on a
80486/33 MHz personal computer. Phylogenies on aligned
nucleotide and amino acid sequences were then constructed
by using programs in PHYLIP 3.4 (Phylogeny Inference
Package) (18). This was compiled for DECsystem 5000/5500
hosts running under the ULTRIX operating system. Consid-
erable time was saved by running separate analyses simul-
taneously in parallel on up to eight independent central
processors.

The following phylogenetic methods were implemented.
Because of the number and general similarity of the topolo-

gies, not all are presented. Specific topologies are available
on request.

(i) Distance matrix. The distance matrix family of methods
enjoys the advantages of short computational times (unlike
maximum likelihood) and making bootstrapping of reason-
able numbers and estimation of branch length in terms of
nucleotide substitutions per site (unlike parsimony but sim-
ilar to maximum likelihood) possible. Recent advances have
been in the determination of confidence intervals for these
branch lengths (unlike parsimony but similar to maximum
likelihood). The method’s disadvantage is the indirect use of
sequence data by having to first transform nucleotide differ-
ences into a measure of evolutionary distance (unlike parsi-
mony and maximum likelihood). We constructed neighbor-
joining (54) and Fitch-Margoliash (20) trees on nucleotide
sequences by using the Kimura two-parameter distance
estimate (34). Ten different sequence entry orders were
tried, with no difference in the topologies. The significance
of subgroups of viruses within the phylogeny was assessed
by bootstrap resampling (18) of 100 replicates on the com-
plete and partial data sets (SEQBOOT, DNADIST, NEIGH
BOR, FITCH, and CONSENSE programs). The bootstrap
percentage quoted for a group in the figure legends is the
number of trees of 100 in which that group appeared. It is
meant to give a quantitative estimate of the certainty of that
grouping. Bootstrapping of amino acid sequences and con-
struction of neighbor-joining trees were executed by the
PHYLOGENETIC TREES program of CLUSTAL V.
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(ii) Maximum parsimony. The maximum-parsimony meth-
od constructs trees on the basis of the minimum number of
nucleotide changes required to account for the data. Within
practical computational limits, this often results in the gen-
eration of tens, hundreds, and even thousands of equally
most-parsimonious trees, making it difficult to justify the
choice of a particular tree. This difficulty was highlighted
recently in the controversy over the African origin of the
human maternal mitochondrial DNA lineage (2, 22, 28, 68,
69). When we did a bootstrap analysis of 100 replicates of the
amino acid sequences (SEQBOOT, PROTPARS, and CON
SENSE programs) and statistically evaluated it against the
maximum-likelihood and neighbor-joining trees (U option in
PROTPARS), the topologies were not significantly different.
We also constructed a strict amino acid consensus parsi-
mony tree from five different amino acid sequence entry
orders in the manner of Hedges et al. (28).

(iii) Maximum likelihood. Maximum-likelihood trees
(DNAML program) of nucleotide sequences were con-
structed for the whole and partial data sets. These trees were
statistically evaluated by the method of Kishino and Hase-
gawa (35) against the neighbor-joining, Fitch-Margoliash,
and maximum-parsimony trees (U option in DNAML). The
topologies were not significantly different.

(iv) Method of invariants (evolutionary parsimony). Lake’s
linear (38) and Cavender and Felsenstein’s quadratic (6)
invariants (DNAINVAR) were computed for selected sub-
sets of four sequences to determine statistical support for
particular topologies under certain models of DNA sequence
evolution.

Nucleotide sequence accession numbers. The complete ge-
nomic sequences of these viruses will be published else-
where (12). The unpublished nucleotide sequences used in
this study may be obtained from H.D. and were assigned the
following GenBank accession numbers: 132-bp L1 segments
of HPV-30 (M96279), HPV-10 (M96280), HPV-3 (M96281),
HPV-12 (M96282), HPV-14 (M96283), HPV-15 (M96284),
HPV-16Tb-2 (M96285), HPV-17 (M96286), HPV-18T18-15
(M96287), HPV-19 (M96288), HPV-25 (M96289), HPV-2c
(M96290), HPV-32 (M96291), HPV-34 (M96292), HPV-40
(M96293), HPV-45 (M96294), HPV-49 (M96295), HPV-4
(M96296), HPV-52 (M96297), HPV-53 (M96298), HPV-56
(M96299), HPV-7 (M96300), and HPV-9 (M96301); 156-bp
El segments of HPV-10 (M96302), HPV-12 (M96303),
HPV-30 (M96304), HPV-32 (M96305), HPV-34 (M96306),
HPV-3 (M96307), HPV-40 (M96308), HPV-45 (M96309),
HPV-49 (M96310), HPV-4 (M96311), HPV-52 (M96312),
HPV-53 (M96313), HPV-7 (M96314), HPV-9 (M96315),
HPV-56 (M96316), HPV-14 (M96317), HPV-15 (M96318),
HPV-17 (M96319), HPV-19 (M96320), and HPV-25
(M96321).

RESULTS

Parsimony analysis of selected papillomaviruses. As a pre-
lude to the detailed study, we wanted to know whether
functionally unrelated and nonoverlapping genomic seg-
ments contained sufficient sequence information to permit a
phylogenetic analysis and if the results were consistent with
relationships inferred by other experimental approaches
such as DNA hybridization (49). Therefore, we constructed
maximum-parsimony trees on amino acid sequences from
segments of the E1, E7, and L1 genes of several selected
papillomavirus types that were believed to be phylogeneti-
cally distinct. These included the closely related bovine
papillomavirus types 1 and 2 (BPV-1, BPV-2) of the BPV A
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group; BPV-4 of the BPV B group; the deer papillomavirus
(DPV); the cottontail rabbit papillomavirus (CRPV); HPV-
la, which is associated with plantar warts; HPV-5 and

* HPV-8, which are associated with epidermodysplasia verru-

ciformis (EV); HPV-6 and HPV-11, which are associated
with condylomata acuminata; and HPV-16 and HPV-18,
which are associated with cervical intraepithelial neoplasia
and cervical cancer.

All phylogenetic trees (data not shown) had consistently
the same topologies. All animal papillomaviruses were on
one branch. The mucosal papillomaviruses HPV-6, HPV-11,
HPV-16, and HPV-18 were on another branch, with HPV-6
and HPV-11 closer to each other than either was to HPV-16
or HPV-18. HPV-5 and HPV-8 were on a third major branch,
with HPV-1a on a branch remote from all others. We
concluded that a detailed analysis of these genomic segments
would be worthwhile and would give generally consistent
and representative results.

Alignment of conserved polypeptide segments of the E1 and
L1 genes of 48 papillomavirus types and 2 subtypes. Within
the viral early region, the transforming genes ES, E6, and E7
have been found to be quite variable. In contrast, large
conserved sequence blocks exist in genes E1 and E2, prob-
ably because of the steric requirements of the replication and
transcription functions (23, 27). Figure 1 shows the align-
ment of a 52-amino-acid segment from the E1 gene. This
particular segment was selected because it could be aligned
without postulating any insertions or deletions. This was
also the only sequence available in this genomic region for
CgPV-1 (53). We regarded the inclusion of this monkey virus
important (one of only two non-human-primate viruses).
Unfortunately, E1 sequence information was unavailable for
the avian (chaffinch) papillomavirus FPV-1, which, how-
ever, was represented in the L1 alignment.

The L1 gene codes for the major capsid protein. Different
papillomaviruses share a common antigen that is delimited
by the C-terminal half of this molecule (64). L1 sequences
are so well conserved that four different primer pairs could
be found for amplifying known and unknown papillomavirus
types (56, 63). We decided to base the phylogenetic analyses
of L1 nucleotide sequences on the amino acid sequence
alignment shown in Fig. 2; the FPV-1 sequence, however,
requires the postulate of a deletion. CgPV-1 sequences were
not available for this L1 region.

Features of papillomavirus phylogeny. Figures 3, 4, and 5
show distance matrix, maximum-likelihood, and consensus
parsimony trees. There are three major groups. One contains
all nonprimate animal papillomaviruses (BPV-1, BPV-2,
DPV, elk papillomavirus (EPV), and CRPV [the animal
group]). The second contains most of the HPV types asso-
ciated with EV (HPV-5a, HPV-5b, HPV-8, HPV-12, HPV-
14, HPV-19, HPV-25, and HPV-47 [EV group]). Four other
EV-associated HPVs (HPV-9, HPV-15, HPV-17, and HPV-
49) form a separate cluster at the base of the EV group
branch in Fig. 3 and 5 or at the base of the animal group
branch in Fig. 4. Figure 4 and all the L1 trees suggest that the
EV group may be further subdivided into two subgroups,
one containing HPV-5, HPV-8, HPV-12, and HPV-47 and
the other containing HPV-14, HPV-19, and HPV-25. The
third major group contains 28 HPVs and monkey papilloma-
viruses mainly associated with genital mucosal lesions (the
mucosal group). Within this group but often on a separate
branch are HPV-2a, HPV-2¢c, HPV-3, and HPV-10, which
cause cutaneous lesions (see Discussion). In separate boot-
strap analyses on data sets of all combinations of the three
major groups, taking two at a time, we found the mucosal
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HPU47E1  ..G..RL.PE....V.U. . H.N.. ¥, RE N .Y.KKGQMRDM. .SEU.Y
HPU49E1 ..L..KM.N.......H. . H.N, RVLRE 0 .R.G.MRDN, .SEW.H
HPUSIEY .FH..QL.DI....A...KS.C...Y....G. ﬂ ..K..QRKS...S.H.R
HPUS2E1  ..K..QL.DUN...R...KS..... | C...K...RKHHNIGOH Q
HPUS3EI .FH..OL.DU....O...KS.H...V....GI C...K..QQ.QHN.KQH. .

HPUS6E1  .FQ..QL.DU....Q...KS.M...Y....Gl.C. K .QQ.QNMN.CQH. .
HPUS?E!1  .F...QL.DV.A..A...NS.C. VL HU .C...K...REQH..SQU.T
HPUSBEI K..QL.DUN...A...RS.A.. .I....GU.C...K...KRGHT.GON.O
ME180E1 FS..ML.DCN...A...KS.C...Y.......C...K..QKRQMN...QH..
RPUEL  ..... QL..l....A...KS.A...¥Y.......C...K...R.QNT.SQH. .

FIG. 1. Multiple sequence alignment of a 52-amino-acid segment
of the E1 ORF used to construct the E1 phylogenies. In HPV-16,
this segment corresponds to genomic positions 1989 to 2114. No
HPV-2c or FPV sequences were available for this region. ME180 is
an integrated HPV genome in the ME180 cervical-carcinoma cell
line. Abbreviations used are elaborated in Table 1, footnote a.

group separated from the animal group at the 97% level and
from the EV group at the 93% level. The EV and animal
groups were separated at the 89% level.

With respect to the general features described above, all
L1 and E1 trees were very similar. The two obvious differ-
ences were the placement of HPV-51 within the mucosal
group (E1 distance matrix trees) and of CRPV between the
EV and mucosal groups and distantly related to HPV-4 (L1
maximum-likelihood tree only).

Within the mucosal group, we consistently found small
two- and three-member groups. Among these were HPV-2a,
HPV-2c, and HPV-57; HPV-3 and HPV-10; HPV-6b and
HPV-11; HPV-7 and HPV-40; HPV-32 and HPV-42; HPV-
30, HPV-53, and HPV-56; HPV-33, HPV-52, and HPV-58;
HPV-16, HPV-31, and HPV-35; and HPV-18, HPV-39,
HPV-45, and ME180. Bootstrapping and simple inspection
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HPUBLT S.A.L....F..Q....H....L.A.QM.U. . U....N..FS..
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HPUI6LT S.A....K....Q....H....C.6.Q..V, . .VU.T..S..HSLC
HPUITLI S.A.L....F. .R....H....L.6.Ql.U. .A....N..FS..
HPU1BLYT S.S.L..K... .HK...H...UC.H.Q..U. .U.T.PS..... [
HPUIOLT S.A.L....F..Q....H....C.F.Q..U. .U....N..FS.
HPU2SLI S.A.L....F..Q....H....C.F.Q..U. .VU....N..FS.
HPU3OL1 SER.L..K....Q....H....C.G.QU.U, . .U.T..N..N..
HPU3TILI S.A....K...MQ....H....C.6.0Q..VU..U.T..S..NSUC
HPU32L1 S.A....K....QQ...H....C.6.QU....VU.T..S..H.UC
HPU33L1 SES.L..K....Q....H....C.G.QU.U,.U.T..S..n.LC
HPU34L1 S.A....K....QK...Q....C.H.Q.....U.T..S..FSUC
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HPU42L1 S.A.L..K....QQ...H....C.6.Q.....VU.T..S..M.LC
HPU45L1 S.S.L..K... .HK...H....C.H.Q..U..U.T..S....LC
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HPUS6L1 SEA.L..K....Q....H....C.6.Q..VU..U.T..S..Hn...
HPUS7LI SEQ.L..K....R....H...NC.G.RI....U.T..S..USLC
HPUSBLT SES.L..K....Q....H....C.6.0Q..V..VU.T..S..0n.LC
ME18OL1 S.S.L..K... .HK...H....C.H.Q.....U.T..S..F.L.
RPUL1 S.A.L..K....QK...H....C.6.Qu....V.T..S..Hn.LC

FIG. 2. Multiple sequence allgnment of a 44- ammo—ac1d segment
of the L1 ORF used to construct the L1 phylogenies. Abbreviations
are as in Table 1. No CgPV sequences were available for this region.
In HPV-16, this region corresponds to genomic positions 6540 to
6671.

of numerous trees revealed that there was no consistent
pattern to the positions of these small groups with respect to
each other. However, in all trees, CgPV-1, HPV-2a, HPV-
57, HPV-3, and HPV-10 were grouped together. All E1 trees
grouped HPV-16, HPV-31, HPV-35, HPV-33, HPV-52, and
HPV-58 together. Rhesus monkey papillomavirus was
placed near the base of the HPV-2a-HPV-3-CgPV-1 lineage
in the L1 trees. The relative positions of the other groups
were so variable as to defy simple description.

The animal group is less closely knit because of host
species differences and fewer samples. The consistent
groups were BPV-1-BPV-2, DPV, and EPV. This artiodac-
tyl cluster was also significantly separated from BPV-4 and
the two monkey papillomaviruses in the mucosal group.

In addition, a comparison of many E1 and L1 trees show
that there was a heterogenous group of cutaneous papillo-
maviruses (BPV-4, HPV-la, HPV-4, and HPV-41) whose
positions were not consistently defined and depended on
whether DNA or amino acid data were used, which ORF
was examined, and which method of tree construction was
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FIG. 3. Neighbor-joining distance matrix tree based on nucleo-
tide sequences corresponding to the L1 amino acid alignment of Fig.
2. Ten different sequence orders were tried; no differences in
topologies were found. Branches are freely rotatable about their
internodes without any effect on topology. Because of constraints in
the tree-plotting program, relative branch lengths are only approx-
imately correct; exact lengths are available on request. The dotted
line is the position of CgPV1 as estimated from the E1 tree. The E1
tree was similar in all major respects. Bootstrap percentages are
given for the following groups: HPV-5, -8, -12, and -47 (95%);
HPV-14, -19, and -25 (80%); BPV-1, BPV-2, DPV and EPV (94%);
HPV-2 and -57 (99%); HPV-3 and -10 (100%); HPV-2, -3, -10, and
-57 (75%); HPV-6b and -11 (68%); HPV-7 and -40 (100%); HPV-32
and -42 (88%); HPV-30, -53, -56 (98%); HPV-16, -31, and -35 (81%);
HPV-18, -39, and -45 and ME180 (81%); and HPV-33, -52, and -58
(75%). Of the 132 nucleotide sites, a closely related pair such as
HPV-19 and HPV-25 differed at 12 sites, a moderately distant pair
such as HPV-16 and HPV-18 differed at 32 sites, and a distantly
related pair such as CRPV and DPV differed at 43 sites. RPV, rhesus
monkey papillomavirus.

used. Generally, they occupied positions between the ani-
mal-EV groups and the mucosal group. BPV-4 was closely
associated with HPV-41 and HPV-4 in the L1 and E1 trees,
respectively. It could be found in the animal or EV groups,
between them, or between the animal-EV groups and the
mucosal group. HPV-1a was placed in the animal group or
between the animal and EV groups in most trees.
Incorporating novel papillomaviruses into the phylogeny
with consensus primers. We wanted to determine the feasi-
bility of using consensus priming and PCR to determine the
phylogenetic position of novel papillomaviruses without
completely sequencing them. The primer pair PCR2 was
chosen because it seemed to readily pick up unknown HPV
types (56). This primer pair amplifies a DNA segment that
codes at its 5’ end for the 29 C-terminal amino acids of the
44-amino-acid alignment of Fig. 2. We constructed distance
matrix, parsimony, and maximum-likelihood trees from the
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FIG. 4. Maximum-likelihood tree based on nucleotide sequence
corresponding to the E1 amino acid alignment of Fig. 1. Differences
between this tree and that in Fig. 3 are primarily a result of the
different methods of construction and are discussed in the text. This
tree was not statistically different from the distance matrix and
parsimony trees. The dotted lines are the positions of FPV-1 and
HPYV-2c as estimated from the L1 tree. Of the 156 nucleotide sites,
a closely related pair such as HPV-19 and HPV-25 differed at 21
sites, a moderately distant pair such as HPV-16 and HPV-18 differed
at 38 sites, and a distantly related pair such as CRPV and DPV
differed at 66 sites. RPV, rhesus monkey papillomavirus.

87 nucleotides that coded for this amino acid segment and
found that these trees exhibited the same general and spe-
cific features previously described (data not shown).

During an ongoing study of the intratype diversity of
HPV-16 and HPV-18 (7, 46), we received clones tentatively
identified as HPV-18 by hybridization. After sequencing the
long control region (LCR), we found no similarity to HPV-
18; nevertheless, consensus priming with PCR2 and se-
quencing of the L1 indicated a very close phylogenetic
relationship to HPV-18. Subsequently, we received known
HPV-45 sequences which matched that of our unknown
clone. We conclude that the PCR2 primer pair is a useful tool
for checking whether a suspected new papillomavirus is in
fact novel and for obtaining preliminary information about
its relative position in the papillomavirus phylogeny.

Distinction between types, subtypes, and variants. Evolu-
tionary distance is a measure of divergence between two
phylogenetically linked organisms. It is usually calculated
from the proportion of nucleotide or amino acid differences
between the two (66). Various corrections are made to allow
for multiple substitutions at the same site and various rates
of substitution between different nucleotide pairs (39).

To compare the evolutionary distances between HPV
types, subtypes, and variants, we amplified by PCR, cloned,
and sequenced the 132-nucleotide segment that corre-
sponded to the amino acid segment shown in Fig. 2 for
HPV-2c (21); HPV-6a (3); HPV-6ma (37); eight HPV-16
variants that represented the African, German, and East
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FIG. 5. Consensus maximum-parsimony tree based on 100 rep-
licates of the amino acid sequence of the E1 segment given in Fig. 1.
As this is a consensus tree, the branch lengths have no significance;
only the branching order (groupings) can be interpreted. Dotted
lines are the positions of FPV-1 and HPV-2c as estimated from the
L1 tree. Bootstrap percentages are given for the following groups:
HPV-S, -8, -12, -14, -19, -25, and -47 (85%); HPV-9, -15, and -17
(72%); BPV-1, BPV-2, DPV, and EPV (87%); HPV-7 and -40
(100%); HPV-32 and -42 (68%); HPV-6b and -11 (99%); HPV-2a and
-57 (87%); HPV-30, -53, and -56 (87%); and HPV-18, -39, and -45 and
MEI180 (83%). RPV, rhesus monkey papillomavirus.

Asian branches of the HPV-16 phylogeny (7, 31); two
HPV-18 variants; and two HPV-18 cervical-carcinoma cell
lines (46). Figure 6 is the L1 sequence alignment, and Table
2 compares the evolutionary distances between the closest
and most significant pairs of papillomaviruses. The closest
related types differ by 9.8 to 17% substitutions per site.
Subtypes and variants are closer by 1 order of magnitude.

The HPV-16 and HPV-18 variants chosen for the compar-
ison were those that showed a maximal divergence (up to
5%) in their LCR (the transcriptional regulatory region)
sequences (7, 31, 46), a clear example of the greater vari-
ability in noncoding regions than in protein-coding regions.
Strangely, the HPV-2a-HPV-2c subtype comparison
showed an evolutionary distance of the intertype magnitude.
HPV-2c has been previously described as an isolate signifi-
cantly different from HPV-2a (21), and our analysis suggests
that it could be provisionally regarded as a distinct type.

We have shown that presently described subtypes and
variants are quantitatively identical expressions of intratype
diversity and that the decision on whether an ambiguous
isolate represents a new type or a subtype can be further
assessed simply and quantitatively.

Rooting of the HPV-16 variant cluster against HPV-31. In
the simplest models, molecular evolution is believed to
occur by the gradual accumulation of single mutations. For
two closely related papillomavirus types, e.g., HPV-16 and
HPV-31, this model seems to predict a continuum of ge-
nomic variants extending from the time of the most recent
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FIG. 6. Multlple sequence ahgnment of the 132-nucleotide L1
segment, corresponding to the sequence in Fig. 1, of selected
papillomavirus types subtypes and variants. Only differences are
specified; periods indicate no change with respect to the sequence
above.

common ancestor to the present day. The intratype variabil-
ity that we observed may be partial evidence of this genomic
continuum. Consequently, it might be possible to identify in
a collection of variants those that are closest to their
common ancestor with another type.

We had previously reported (7) that an analysis of the

TABLE 2. Evolutionary distances between the most significant
and the closest pairs of papillomaviruses®

Sequences compared Distance (%)”

HPV-16 vs HPV-35 ... it eeeeeeeeceenenaes 16.3
HPV-18 vs HPV-45.......... 15.9
HPV-2a vs HPV-57............. 15.1
HPV-5a and -b vs. HPV-47 .. 9.8
HPV-6 vs HPV-11 .............. 12.5
BPV-1vs BPV-2 ..... 17.4
HPV-2a vs HPV-2c.. 12.4
HPV-16 variants...... 0.8
HPV-18 variants.... . 2.3
HPV-5a vs HPV-5b............... - 0

HPV-6a vs HPV-6b and -6ma ......ccccccuveienieieninnnnnnnns 0

“ The L1 segment shown in Fig. 2 was used.

® The Kimura two-parameter distance estimates are given as percent
substitutions per site and were calculated by the DNADIST program of
PHYLIP 3.4. Maximum-likelihood distances were almost identical, and
distances calculated for the E1 segment were comparable except for BPV-1
and BPV-2, for which the sequences have not diverged so extensively (7.4%),
and for HPV-5a and HPV-5b, for which the sequences have diverged more
(6.8%) than in other subtypes or variants.
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FIG. 7. Phylogeny of the HPV-16 ES5 variant tree with HPV-31
E5 nucleotide sequences as the out-groups calculated by Fitch-
Margoliash distance matrix method (A) and maximum-likelihood
method (B). Only the horizontal lengths indicate distance. The
distance to the the out-group is not to scale and is given between the
horizontal bars.

LCR and ES5 ORF supported the separation of HPV-16
variants (according to LCR sequences) into deep African
and Eurasian branches. In order to generate hypotheses on
possible roots of the HPV-16 variant tree, we used the E5
coding sequence from the phylogenetically closest type,
HPV-31, to root distance matrix and maximum-likelihood
trees of HPV-16 ES5 variants (Figure 7; for sequence data,
see Fig. 6 and 7 in reference 7). We could not use the LCR,
El, or L1 sequence to root the variant tree, because the
HPV-31 LCR is too divergent and the E1 and L1 sequences
of the HPV-16 variants are too conserved. The root is
indicated where the out-group (HPV-31) joins the variant
tree. In Fig. 7A, this is between the African and Eurasian
HPV-16 variants; in Fig. 7B, this is among the African
variants. The most likely interpretation of this is that the
common ancestor of the group is none of the presently
identified HPV-16 variants (e.g., certainly not the prototype)
but is a yet-unidentified and possibly extinct genome at or
close to the root. Figure 7 also illustrates the great difference
between intertype and intratype evolutionary distances. It
supports the taxonomic status of the type because there is no
present-day detectable genomic continuum between closely
related types, possibly because of extinction of the interme-
diates.

Phylogenetic relations among papillomaviruses and other
DNA tumor viruses. Molecular evidence to support the
common origin of many separate families of RNA viruses
has been gradually accumulating (5, 14, 36). In contrast, no
such relationship among the DNA virus families or even
among genera within a family, e.g., papillomaviruses and
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polyomaviruses, is obvious. This general lack of molecular
similarity and common genomic organization is remarkable,
since DNA viruses are generally observed to evolve more
slowly than RNA viruses by several orders of magnitude
(60). It could imply several independent origins for DNA
viruses, a very ancient common origin with subsequent loss
of information about common ancestry due to diversification
and specialization, or some combination of these two sce-
narios. It seems reasonable to speculate that phenetically
similar genera, especially those currently grouped together
in a single family, have a common ancestry. Within such a
group, one would expect to find sequence homologies in
domains of viral proteins with similar functions. Recently,
just such a similarity was discovered within proteins which
bind the retinoblastoma gene product (pRb) from three
different groups of DNA tumor viruses (papillomavirus,
simian virus 40 polyomavirus, and adenovirus) and a human
fibroblast cell line (1, 11, 51). We did a 100-replicate boot-
strap protein parsimony analysis (Fig. 8B) based largely on
the alignment described in reference 11 and given in Fig. 8A.
This topology should be viewed strictly as a hypothesis-
generating device only, as the sequence similarities within
these large-T-antigen, Ela, and E7 proteins could have
resulted from convergent evolution, and some of these
motifs have yet to be shown to bind pRb. However, we
propose that the topology is not an unreasonable initial
hypothesis, as it groups the HPVs in the same associations
as they had been described by traditional taxonomic criteria.
This has been confirmed by using a much larger data set of
DNA tumor virus sequences (data not shown). Using this
larger data set, we see the adenoviruses and also various
polyomaviruses grouped together. The human sequences
might correspond to a distant out-group if we hypothesize
that these viral sequences had a cellular origin. We note that
many of the EV-group HPVs have very poor sequence
similarity in this region and that the group A BPVs have no
discernible similarity at all.

DISCUSSION

The impressive host species diversity of papillomaviruses
could be viewed as evidence for a general pattern of long-
term papillomavirus-host coevolution. We ourselves had
previously published (7) evidence to support an ancient
association between HPV-16 and humans. If one accepts
concordance in the topologies of phylogenies derived from
parasites and their hosts as evidence for coevolution, then
the best evidence comes from the cutaneous papillomavi-
ruses of the artiodactyls, BPV-1, BPV-2, DPV, and EPV.
Superficially, the positions of FPV-1, CRPV, and the pri-
mate papillomaviruses might also be taken as support.
However, we caution against overinterpretation for several
reasons. (i) We have too few data to accurately place the
animal papillomaviruses. Hidden diversities are likely to be
revealed by future sampling for animal papillomaviruses
related to the HPV mucosal group and EV groups and more
human non-EV cutaneous viruses. The BPV A and B groups
and the HPVs are evidence for this diversity already. (ii) The
lagomorphs and birds are represented by only one member
each. (iii) The simian papillomaviruses are not distinguished
from the HPVs, and only two members have been analyzed.
(iv) Finally, the human cutaneous papillomaviruses (HPV-
la, HPV-4, and HPV-41) are not securely placed phyloge-
netically and may indicate the existence of additional major
branches which may also contain yet-unidentified animal
papillomaviruses.
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FIG. 8. (A) The multiple alignment of the pRb-binding and casein kinase II motifs found in proteins of some DNA tumor viruses and
human lung fibroblasts is essentially that given in reference 11. This corresponds to conserved region 2 of the adenovirus E1A proteins. Note
that the casein kinase II motif of retinoblastoma binding protein type 2 as indicated in reference 11 is 5' to the pRb-binding motif and therefore
could not be aligned; instead, a similar 3’ sequence was chosen. (B) Consensus maximum-parsimony tree of 100 replicates based on this
alignment. Abbreviations: Ad, adenovirus; PBK, polyoma virus BK; PJC, polyomavirus JC; RBP, retinoblastoma binding protein from
human lung fibroblasts; SLPV, simian lymphotropic virus), SV40 (simian virus 40).

In a few cases, the diversification of papillomaviruses into
different host species may have been initiated by lateral
transfer. The fact that BPV-4 shares a most recent common
ancestor with HPV-4 or HPV-41 in some phylogenies and
that the simian papillomaviruses are closely related to some
mucosal HPVs might be indicative of this. Viable interhost
species transfer does seem to occur regularly for influenza
virus (43) and as rare and relatively recent events for the
human and simian immunodeficiency viruses (57) and for
some protozoans of the Plasmodium genus (71). In the case
of papillomaviruses, evidence (49) indicates that lateral
transfer normally does not lead to productive infections.

Interpreting the phylogenetic diversity of papillomavi-
ruses vis a vis host species diversity is further complicated
by an added layer of diversity within a single host species.
This is evident when papillomaviruses of a single host
species are extensively studied, as in the cases of HPV and
BPV. In fact, the outstanding feature of HPV phylogeny is
the evolutionary separation of papillomaviruses along lines
of tissue tropism and pathology, namely, the major EV,
cutaneous, and mucosal groupings. The distinctiveness of
the last group is further supported by the presence of a
genomic feature which is functionally independent of E1 and
L1: a characteristic alignment of binding sites for the cellular
transcription factor SP1 and two dimeric viral E2 proteins at
the E6 promoter. This appears to be a strongly conserved
regulatory motif (67).

Our analysis leads us to view the EV-associated HPVs as

presently subdivided into two subgroups. The smaller group
contains HPV-9, HPV-15, HPV-17, and HPV-49. The larger
one may be further subdivided into two, one containing
HPV-5, HPV-8, HPV-12, and HPV-47 and the other contain-
ing HPV-14, HPV-19, and HPV-25. This subdivision has
been previously recognized in the analysis of LCR se-
quences (16). In contrast, the mucosal group is poorly
resolved at all but the tips of its branches. These represent
several previously recognized affinities, e.g., HPV-2 and -57;
HPV-6 and -11; HPV-16, -31, and -35; and HPV-18, -39, and
-45 (13, 42, 50) and some new ones, e.g., HPV-3 and -10;
HPV-7 and -40; HPV-32 and -42; HPV-33, -52, and -58; and
HPV-30, -53, and -56. No group consistently defined along
lines of tissue specificity (cutaneous versus mucosal epithe-
lia) or disease prognosis (low or high propensity for malig-
nant conversion) exists. This conclusion is also supported by
our distance matrix and parsimony analyses of the E7 ORF
(data not shown) and a separate parsimony analysis of the E6
and E7 genes (42). Indeed, the picture is not inconsistent
with the various subgroups being representatives of at least
four different lineages that have diverged from each other
within a short time at an early stage (an explosion or star
phylogeny). Included in the mucosal group are some consis-
tently placed cutaneous viruses (HPV-2a, HPV-2c, HPV-3,
and HPV-10). In all our trees, HPV-2a, which also occurs in
oral mucosal lesions (13, 30), has always been closest to
HPV-57, a mucosal HPV. This consistency suggests that the
placement is not artifactual and that the mucosal-cutaneous
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barrier may have been breached a number of times in the
past. This genetic relatedness is mirrored by their patholog-
ical manifestations. HPV-2a and HPV-57 cause verruca
vulgaris (exophytic common warts), and HPV-3 and HPV-10
cause the very characteristic verruca plana (papular flat
warts).

HPV-7 is a cutaneous-mucosal HPV (13, 26) closely
associated with the mucosal group. The association of
HPV-7 infection with the handling of animal material, e.g., in
butchers, gave rise to speculation that this occupational
group was infected by an unidentified animal papillomavirus
that could occasionally cross species barriers, given exten-
sive exposure. The consistent position of HPV-7 near or in
the mucosal group does not support this speculation and
suggests that correlation of HPV-7 with professional activity
arises through some mechanism other than exposure to an
animal papillomavirus reservoir. More data on animal pap-
illomaviruses, particularly porcine and bovine mucosal-
group papillomaviruses, would be helpful.

That BPV-4 is evolutionarily distinct from BPV-1 and
BPV-2 is consistent with its different pathology, i.e., epithe-
lial papillomas versus fibropapillomas (33, 61). Correlation of
this virus’s genomic sequence with those of other animal or
HPV genomes is so poor that it strongly supports the
traditional subdivision of BPV types into A and B groups.
Affinities of BPV-4 to HPV-4 or HPV-41 that seem to suggest
relatedness should be cautiously interpreted, because the
distances between them are very large. The assignments of
these viruses may become clear only after sampling of more
closely related genomic types.

When the phylogenetic grouping of the HPVs based on
small conserved genomic segments is compared with the
grouping based on total genomic hybridization (50), we find
almost complete agreement. Although the hybridization ap-
proach is rapid and potentially uses all the genomic informa-
tion available, the phylogenetic-sequencing approach has
much higher resolution and permits one to construct a
natural hierarchy of relatedness. However, one needs to
select the segment(s) to be analyzed with care, and the
analysis is potentially more time-consuming. In fact, the two
approaches are complementary; knowing that one is dealing
with a type, subtype, or particular group would be helpful in
designing heterologous primers for determining the E1 or L1
sequence.

At one level, molecular evolution of genomes is a contin-
uum of events. Genomes that arise in sequential generations
accumulate sequentially occurring mutations, first A, then
B, then C, etc. Eventually, the unmutated parent genome
and a progeny genome with the accumulated mutations A, B,
C, etc., cannot be clearly linked unless the intermediate
genomes are found. It is an enigma of speciation that
intermediate genomes that link presently living organisms
can normally not be found, possibly because of extinctions.
The result is that existing populations appear as more or less
isolated genomes such as species or types (but see reference
15).

In view of the proliferation of papillomavirus types, sub-
types, and variants despite stringent typing procedures and
the renewed interest in the establishment of a baseline for
the reclassification of the genus (13), we sought to quantify in
evolutionary terms the present nature of the type, subtype,
and variant distinction. According to Table 2, intratype
differences in the E1 and L1 segments range from 0 to 2.3%,
while the closest intertype differences range from 9.8 to
17.4%. To a certain degree, this apparent evolutionary gap
between types is due to the present operational definition of
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a papillomavirus type. Therefore, the possibility that careful
sampling will eventually lead to the discovery of a contin-
uum between the genomic sequences of some types, such as
BPV-1 and BPV-2 or HPV-6 and HPV-11, cannot be ex-
cluded. Alternatively, if the nature of papillomavirus type
““speciation’ is different from subtype or variant diversifi-
cation, the papillomavirus type as we know it would repre-
sent a true biological entity. Research in this area could
begin with an examination of isolates that cross-hybridize to
the extent of 60 to 90%, e.g., HPV-10, HPV-10P, and
HPV-10PW (48). We note, however, that our published (7,
31) and ongoing studies of the diversity of more than 200
HPV-16 and HPV-18 isolates showed a maximum of only 5%
divergence in the LCR and even less in the L1 gene. The
initial sampling was unbiased, so that HPV-16 or HPV-18
genomes divergent by as much as 10% would have been
detected if there had been any.

In summary, we believe that papillomavirus types that
exist today constitute natural biological taxonomic units.
However, like any population, they contain genomically
slightly diverse members. The reasons for the apparent
absence of genomes that mediate between types are unclear,
as are the mechanisms of speciation. The tremendous host
species diversity and the topology of the papillomavirus
phylogeny indicate an element of viral-host coevolution over
long periods, possibly as long as the host’s evolution itself.
At least for HPVs, there is also evolution along lines of
tissue tropism and pathology. Further sampling will be
necessary to refine this picture.
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